When endogenous fluorophores are purposefully excited, the emission signals that result are reliable, substantially bright, and correlate to the level of intrinsic species that fluoresce. For this reason, autofluorescence has been exploited and used as a beacon of intracellular function for purposes such as cancer diagnostics [1](#cytoa23606-bib-0001){ref-type="ref"}, [2](#cytoa23606-bib-0002){ref-type="ref"}, understanding effects of drugs, and therapies on cells [3](#cytoa23606-bib-0003){ref-type="ref"}, [4](#cytoa23606-bib-0004){ref-type="ref"}, [5](#cytoa23606-bib-0005){ref-type="ref"}, as well as for fundamental cell biology research when cells are perturbed for a myriad of reasons [6](#cytoa23606-bib-0006){ref-type="ref"}, [7](#cytoa23606-bib-0007){ref-type="ref"}. Among the numerous compounds that excite are, proteins, amino acids, lipids, flavins, and other coenzymes. All are ubiquitous to cells and emit across ultraviolet to red wavelength ranges. Owing to their ease of excitation, natural fluorophores are frequently used to draw conclusions about changes occurring in viable cells in a label‐free fashion.

Flow cytometry is a common method of evaluating cellular autofluorescence [8](#cytoa23606-bib-0008){ref-type="ref"}, [9](#cytoa23606-bib-0009){ref-type="ref"} because intrinsic emission is measurable by many standard cytometry detector channels. Therefore, autofluorescence is naturally part of the collected cytometric signal. Whereas, the amount of autofluorescence detected might differ, cell‐to‐cell, depending on the color observed, cell type, fixative, cell viability, or level of extrinsic fluorescence. The unique ability of flow cytometry to collect multiparametric data has fostered the use of autofluorescence for compensation and to compare unlabeled cells from dimly labeled cells. Additionally, beyond the notion of autofluorescence as a 'background' signal, [10](#cytoa23606-bib-0010){ref-type="ref"}, [11](#cytoa23606-bib-0011){ref-type="ref"}, [12](#cytoa23606-bib-0012){ref-type="ref"}, [13](#cytoa23606-bib-0013){ref-type="ref"}, [14](#cytoa23606-bib-0014){ref-type="ref"}, [15](#cytoa23606-bib-0015){ref-type="ref"} cytometry can involve autofluorescence for the discrimination of heterogeneous cell types (e.g., lymphocytes, cancer cells) [16](#cytoa23606-bib-0016){ref-type="ref"}, [17](#cytoa23606-bib-0017){ref-type="ref"} or to measure single‐cell metabolic fluctuations at a higher throughput [18](#cytoa23606-bib-0018){ref-type="ref"}, [19](#cytoa23606-bib-0019){ref-type="ref"}. The use of autofluorescence as a biomarker is fairly common within the flow cytometry community overall.

In fact, considerable attention has been focused on the measurement of autofluorescence from flavins and pyridine nucleotides, these being: reduced nicotinamide adenine dinucleotide (NADH), reduced nicotinamide adenine dinucleotide phosphate (NADPH), and flavin adenine dinucleotide (FAD). These endogenous fluorophores are metabolic coenzymes/cofactors important to all cells for the production of ATP, and have been optically characterized for decades [1](#cytoa23606-bib-0001){ref-type="ref"}, [20](#cytoa23606-bib-0020){ref-type="ref"}, [21](#cytoa23606-bib-0021){ref-type="ref"}. FAD and NAD(P)H cycle from reduced to oxidized forms, thus facilitating redox reactions during energy production (e.g., oxidative phosphorylation and glycolysis). Therefore, when FAD and NAD(P)H are optically tracked (where NAD(P)H refers to both NAD cofactors), their fluorescence is correlated to changes in cellular respiration. The signals that result vary depending on the NAD(P)H reduced or oxidized form [20](#cytoa23606-bib-0020){ref-type="ref"}, [22](#cytoa23606-bib-0022){ref-type="ref"}, location inside of the cell (e.g., mitochondria, cytosol) [23](#cytoa23606-bib-0023){ref-type="ref"}, and binding status with enzymes (e.g., malate, lactate, isocitrate, and succinate dehydrogenases) [24](#cytoa23606-bib-0024){ref-type="ref"}, [25](#cytoa23606-bib-0025){ref-type="ref"}. It is this optical fluctuation during metabolic changes that makes them favorable for research in applications related to cancer [26](#cytoa23606-bib-0026){ref-type="ref"}, [27](#cytoa23606-bib-0027){ref-type="ref"}, cell proliferation [28](#cytoa23606-bib-0028){ref-type="ref"}, [29](#cytoa23606-bib-0029){ref-type="ref"}, [30](#cytoa23606-bib-0030){ref-type="ref"}, apoptosis [31](#cytoa23606-bib-0031){ref-type="ref"}, and cell differentiation [32](#cytoa23606-bib-0032){ref-type="ref"}, [33](#cytoa23606-bib-0033){ref-type="ref"}. In some cases, the bound enzyme is known or has been validated by additional biochemical analysis. Yet for many studies, the bound enzyme might depend on the variation in the metabolism and is of lesser importance compared to the purpose for detecting changes in the NAD(P)H autofluorescence. Examples of this include diagnostic imaging to reveal boundaries of demarcation between normal and cancerous tissues or measurement of optical redox ratios [29](#cytoa23606-bib-0029){ref-type="ref"}, [32](#cytoa23606-bib-0032){ref-type="ref"}, [34](#cytoa23606-bib-0034){ref-type="ref"}, [35](#cytoa23606-bib-0035){ref-type="ref"}, [36](#cytoa23606-bib-0036){ref-type="ref"}, [37](#cytoa23606-bib-0037){ref-type="ref"}, [38](#cytoa23606-bib-0038){ref-type="ref"}, [39](#cytoa23606-bib-0039){ref-type="ref"}, [40](#cytoa23606-bib-0040){ref-type="ref"}, [41](#cytoa23606-bib-0041){ref-type="ref"}.

What we find appealing and focus on herein, is the fact that NAD(P)H and FAD each have two‐component fluorescence lifetimes and an average emission decay that shifts depending on their enzyme‐bound state [21](#cytoa23606-bib-0021){ref-type="ref"}, [42](#cytoa23606-bib-0042){ref-type="ref"}. Moreover, their bound state cycles depending on activity during mitochondrial respiration through oxidative phosphorylation (bound NAD(P)H and FAD) or cytosolic energy production via glycolysis (unbound NAD(P)H and FAD) [43](#cytoa23606-bib-0043){ref-type="ref"}. The bound‐to‐unbound status is important from a fluorescence lifetime perspective because in the bound state (i.e., oxphos metabolic profile), NAD(P)H fluorescence lifetime increases from 1‐ns to up to 7‐ns depending on the binding partner [44](#cytoa23606-bib-0044){ref-type="ref"}, [45](#cytoa23606-bib-0045){ref-type="ref"}, [46](#cytoa23606-bib-0046){ref-type="ref"}, [47](#cytoa23606-bib-0047){ref-type="ref"}. Conversely, FAD lifetime is shortened by \~1 ns when bound [48](#cytoa23606-bib-0048){ref-type="ref"}, [49](#cytoa23606-bib-0049){ref-type="ref"}. These decay kinetic properties have been measured in prior studies including those described above, which demonstrate the utility of the lifetime as a metric of metabolism.

The bulk of work on lifetime shifts of NAD(P)H are accomplished with fluorescence lifetime imaging microscopy (FLIM). Many FLIM studies including intravital [28](#cytoa23606-bib-0028){ref-type="ref"}, [29](#cytoa23606-bib-0029){ref-type="ref"}, [50](#cytoa23606-bib-0050){ref-type="ref"}, [51](#cytoa23606-bib-0051){ref-type="ref"} or in vitro approaches [37](#cytoa23606-bib-0037){ref-type="ref"}, [52](#cytoa23606-bib-0052){ref-type="ref"}, [53](#cytoa23606-bib-0053){ref-type="ref"}, [54](#cytoa23606-bib-0054){ref-type="ref"} have established the significance of NAD(P)H lifetime as a reliable metric of metabolic fluctuations. FLIM collects data from clusters of cells and generally compares small numbers of cells (\<50) with a high degree of intracellular resolution and sensitivity [55](#cytoa23606-bib-0055){ref-type="ref"}. The drawback of FLIM measurements is that cells are neither measured at high throughputs nor sorted [56](#cytoa23606-bib-0056){ref-type="ref"}. FLIM is highly sensitive in the numbers of photons it detects yet at the cost of slower integration and computational times (i.e., complex lifetime regression and deconvolution of the instrument response function) [57](#cytoa23606-bib-0057){ref-type="ref"}. Although the sensitivity of FLIM permits a highly accurate intracellular metabolic profile, the cell‐to‐cell variation might be lost as well as the ability to make rapid measurements of the metabolic changes when cells are screened against compounds that modulate metabolism.

In order to address the throughput issue, we have developed fluorescence lifetime flow cytometry (FLFC) [58](#cytoa23606-bib-0058){ref-type="ref"}, [59](#cytoa23606-bib-0059){ref-type="ref"}, [60](#cytoa23606-bib-0060){ref-type="ref"} as a method of measuring metabolic fluctuations of individual cells at typical cytometry scan rates (i.e., \~1000 cells/sec). Our measurements with FLFC are aimed at rapidly scanning NAD(P)H fluorescence lifetime shifts in order to establish methods to profile the metabolism of large cell populations. We present a metabolic tracking study in which cultured mammalian cells are metabolically perturbed by induction of apoptosis. Apoptosis, as a well characterized programmed cell death mechanism, is known to cause a marked effect on metabolism owing to the changing energy demands of the cell as it prepares for degradation of intracellular constituents [61](#cytoa23606-bib-0061){ref-type="ref"}. While many parallels have been reported with respect to the biochemical events during apoptosis that affect metabolism, the measurements are either studied on few cells or on bulk populations [31](#cytoa23606-bib-0031){ref-type="ref"}, [33](#cytoa23606-bib-0033){ref-type="ref"}, [62](#cytoa23606-bib-0062){ref-type="ref"}. With FLFC we can rapidly screen cells at various times after apoptosis is initiated and then use NAD(P)H autofluorescence lifetime shifts to make correlations between the bound or unbound state of the metabolite during apoptosis. Therefore, we have optimized a FLFC system for NAD(P)H lifetime analysis and demonstrate that reliable NAD(P)H lifetime shifts during early and late apoptosis can be measured and used as the first step toward mapping metabolism dynamically in a screening assay that can also be combined with cell sorting.

Materials and Methods {#cytoa23606-sec-0003}
=====================

Cell Culture and Staurosporine Treatment {#cytoa23606-sec-0004}
----------------------------------------

HeLa cells (ATCC®, Manassas, VA) were cultured in Dulbecco\'s modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific Inc., Waltham, MA) and incubated in 5% CO~2~ at 37°C in a humidified incubator. Cells were seeded in a 6‐well plate and allowed to reach 85--90% confluency prior to treatment with an apoptosis inducing agent, staurosporine (STS) (Cell Signaling Technology, Boston, MA). A fresh STS stock solution was made for each experiment by dissolving in dimethyl sulfoxide (DMSO) to a final concentration of 1 mM and diluting to a final concentration of 1 μM in DMEM (STS‐media). 2 ml of the STS‐media was added to each well of a 6‐well plate and cells were harvested after 15 min, 30 min, 60 min, and 180 min of treatment using Trypsin‐EDTA (5%) (Thermo Fisher Scientific Inc.). A cell pellet was obtained with centrifugation at 500 rcf for 5 min and then resuspended in 1X phosphate buffer saline (PBS).

Annexin V PI Apoptosis Assay {#cytoa23606-sec-0005}
----------------------------

Apoptosis induction was verified after treatment with STS using an annexin V propidium iodide (PI) apoptosis detection kit (BD Biosciences, Franklin Lakes, NJ). Cells were analyzed for early and late apoptosis using a BD Accuri™ C6 (BD Biosciences, San Jose, CA) flow cytometer with 488 nm excitation. Fluorescence signals from cells stained with FITC and PI were collected in 530/30 nm and 585/40 nm emission channels, respectively. Cytometry results were processed with FCS Express V4 software (De Novo Software, Glendale, CA).

Fluorescence Microscopy {#cytoa23606-sec-0006}
-----------------------

Epifluorescence microscopy images were collected to confirm autofluorescence measurements. Preparation included culturing cells as a monolayer in 35 mm glass bottom micro well dishes (MatTek Corporation, Ashland, MA) following the previously mentioned growth protocol. Cells were washed with PBS before imaging. In order to capture endogenous fluorescence of NAD(P)H and morphological cell features, an Axio Observer Z1/7 scope with Plan‐Apochromat 20×/0.8 M27 objective was used (ZEISS, Oberkochen, Germany). Bright field images were obtained using the Axiocam 506‐3 V TL lamp. Autofluorescence of NAD(P)H was captured using a 335--383 nm excitation filter and 420--470 nm emission filter corresponding to the NAD(P)H fluorescence spectrum [63](#cytoa23606-bib-0063){ref-type="ref"}. NAD(P)H fluorescence images (2000 ms) for untreated HeLa cells as well treated cells after 15 min, 30 min, 60 min, and 180 min of treatment were captured. Images were processed for brightness and contrast (Fiji, [www.fiji.sc](http://www.fiji.sc)). Standard workflow for image‐wide cell segmentation and calculation of mean intensity from objects was followed using CellProfiler ([www.cellprofiler.org](http://www.cellprofiler.org)) to count number of cells and quantify autofluorescence intensities.

Time Domain Spectrophotometer Measurements {#cytoa23606-sec-0007}
------------------------------------------

A time‐correlated single photon counting (TCSPC) spectrograph (HORIBA Scientific, Edison, NJ) was used to measure fluorescence decay kinetic characteristics of bulk solutions of fluorescent microspheres and cultured cells. Glacial Blue fluorescence microspheres (5‐μm, Bangs Laboratories Inc., Fishers, IN) were first measured in order to prepare for use as calibration standards during NAD(P)H FLFC measurements. The TCSPC provided the *a priori* knowledge of the fluorescence lifetimes of the microspheres (measured at \~1‐ns) for use as a standard with FLFC. Subsequent to the microsphere measurements, suspensions of HeLa cells untreated and treated for apoptosis induction using STS (15 min, 30 min, 60 min, and 180 min) were also measured. The TCSPC measurement of cells provided data to confirm the lifetime shifts of NAD(P)H measurable with flow cytometry. Cell preparation included suspension in PBS (\~10^5^ cells/ml) and use of a mini magnetic stirrer during the TCSPC integration. The TCSPC system operated with a pulsed light‐emitting diode at 393 nm (DeltaDiode™ DD‐390) for excitation, and at 90^o^ from the excitation onto the cuvette, fluorescence was collected. A photodetector collected light centered at 448 nm +/−10 nm. Data were acquired using DataStation v2.4, analysis software accompanying the instrument.

Fluorescence Lifetime Flow Cytometry {#cytoa23606-sec-0008}
------------------------------------

A benchtop two color channel flow cytometer was optimized for our NAD(P)H fluorescence lifetime measurements (Fig. [3](#cytoa23606-fig-0003){ref-type="fig"}). We first took the backbone of a simple flow cytometer that we commissioned and outsourced for assembly (Kinetic River Corp., San Jose, CA) with the goal of procuring a sensitive instrument capable of detecting autofluorescence. We then modified this flow cytometer by adding frequency‐domain components [58](#cytoa23606-bib-0058){ref-type="ref"}, [59](#cytoa23606-bib-0059){ref-type="ref"}, [60](#cytoa23606-bib-0060){ref-type="ref"} and signal processing algorithms necessary for lifetime acquisition. Briefly, our frequency‐domain approach includes fluorescence lifetime measurements through the radio‐frequency modulation of an excitation source and the collection of the phase‐shifted and amplitude‐attenuated modulated emission signal. When the emission signal is compared to the excitation source, the phase shift and amplitude demodulation can be measured and used to calculate the fluorescence lifetime. Therefore, we designed this system by adding and aligning a 378 nm 60 mW solid state laser (Vortran Laser Technology Inc., Sacramento, CA). Appropriate mirrors and lenses were used in the path of the laser at orthogonal positions to obtain a collimated and focused beam. A digitally generated sinusoidal radio frequency signal was sent to the laser for modulation (Tektronik AFG‐3102 digital function generator, Beaverton, OR). The laser modulation frequency was set at 6.25 MHz for all experiments. Fluorescence emission was captured using a 448/20 nm band pass filter and a photomultiplier tube (Hamamatsu, Bridgewater, NJ). Side scattered light was captured using a 375/6 nm band pass filter and an identical PMT detector. High frequency preamplifiers and PMT voltage control (DarklingX LLC.) were added for frequency‐domain capabilities. When lifetime measurements were conducted, the PMT voltage was held constant for each experiment; intensity fluctuations were controlled with the addition of neutral density filters. A Chemyx Fusion 200 dual syringe drive injection pump (Chemyx Inc., Stafford, TX) was used to inject the samples at volumetric flow rates ranging from 0.05 to 0.5 μl/min. Phosphate buffer saline sheath fluid pressure was maintained at 25 psig. Signals after amplification were directed to a customized data acquisition system (DarklingX LLC.) digitizing the detected optical signals at 50 million samples per second [64](#cytoa23606-bib-0064){ref-type="ref"}. Digitized cytometric waveforms from fluorescence and side scatter channels were saved and used for secondary analyses with MATLAB (The MathWorks®, Natick, MA). Histograms and bivariate scatter plots were generated after collecting the peak value from each cell based on the peak of the modulated emission and side scatter signals. Fluorescence lifetime histograms were generated by calculating the average fluorescence lifetime measured per‐cell. The computational steps are described in detail elsewhere [65](#cytoa23606-bib-0065){ref-type="ref"} and involve taking the correlated sets of fluorescence and side scatter waveforms per‐cell and processing with a fast Fourier transform (FFT). The FFT output leads to our ability to identify a phase angle difference between the fluorescence emission signal and excitation signal (scattered light collected at 90°) as well as a demodulation depth value per‐cell. Using the phase angle and demodulation depth, the average fluorescence lifetime is calculated assuming single exponential decay kinetics.

Phasor Analyses {#cytoa23606-sec-0009}
---------------

Moving beyond average fluorescence lifetimes, we used phasor graphs to gain insight on contributions of multiple fluorescence lifetimes per‐cell [59](#cytoa23606-bib-0059){ref-type="ref"}. Taking the phase angle and demodulation depth we developed phasor plots where a phase angle and demodulation polar vector is computed. Cartesian transformed values result in the product of demodulation and the cosine of the phase angle (x‐axis) as well as the product of demodulation and sine of the phase angle (y‐axis). All phasor plots were generated in R ([r-project.org](http://r-project.org)) using ggplot2 package. The universal semicircle with the equation centered at 0.5 with a radius of 0.5 was drawn to represent the boundary where events with single exponential decay kinetic profiles reside. Therefore the (0,0) origin is interpreted as the longest lifetime possible (infinite) attributable to a zero‐demodulation point (e.g., noisiest signal).

Phasor plots constructed with FLFC data are used to unmix multiple lifetime components using a single frequency of modulation. Distinct differences in decay kinetics between free and bound NAD(P)H are thus revealed on a single phasor graph. The median phasor point for a data set is considered as a linear combination of three fluorescence species: free NAD(P)H, bound NAD(P)H, and a third long lifetime species, given by the maximum lifetime possible. Equations [(1)](#cytoa23606-disp-0001){ref-type="disp-formula"} and [(2)](#cytoa23606-disp-0002){ref-type="disp-formula"} represent the median phasor coordinates for i\'th fluorescence species. The fractional contribution can be solved using matrix calculations using Eq. [(3)](#cytoa23606-disp-0003){ref-type="disp-formula"}.$$x_{i} = m_{i}\cos\left( \theta_{i} \right)$$ $$y_{i} = m_{i}\sin\left( \theta_{i} \right)$$ $$\begin{bmatrix}
x_{1} & x_{2} & x_{3} \\
y_{1} & y_{2} & y_{3} \\
1 & 1 & 1 \\
\end{bmatrix}\begin{bmatrix}
\alpha_{1} \\
\alpha_{2} \\
\alpha_{3} \\
\end{bmatrix} = \begin{bmatrix}
x_{\textit{sample}} \\
y_{\textit{sample}} \\
1 \\
\end{bmatrix}$$

This permits facile calculations for relative contributions of free NAD(P)H and bound NAD(P)H thereby allowing us to quantify a free‐to‐bound NAD(P)H ratio for a large cell population with single cell resolution.

Results {#cytoa23606-sec-0010}
=======

Apoptosis Induction {#cytoa23606-sec-0011}
-------------------

Apoptosis was induced in HeLa cells by treatment with 1 μM staurosporine (STS). The bivariate histogram of PI‐positive cells versus annexin V‐positive cells is shown for unlabeled HeLa cells (Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}A, top left), cells labeled before treatment with STS (Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}A, top right), cells labeled after 1‐h STS treatment (Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}A, bottom left), and cells labeled after 3 h of STS treatment (Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}A, bottom right).The percentage of annexin‐V positive cells increases (from 0% to 27% then 48%) over time after treatment and at the 3 h time point the percentage of PI positive cells is the highest (9%). We also confirmed apoptosis induction with imaging by observing morphology (Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}B). It is evident in the basic epifluorescence microscopy and bright field images that cells are becoming irregularly shaped and appear detached and smaller. Additionally, autofluorescence \[NAD(P)H channel\] was measured to evaluate changes in the autofluorescence brightness. The mean intensity values (a.u., normalized, 0 \< n \< 1) from the segmented objects (cell boundaries) in the fluorescence images increased from 0.01 to 0.016, 0.023, and 0.026 comparing untreated cells to cells treated after 15 min, 1 h, and 3 h, respectively (supplementary information). Mean intensity is defined as the average pixel intensities within segmented regions of interest.

![(**A**) Annexin V‐FITC Propidium Iodide (PI) binding assay for evaluation of apoptosis. 1 μM staurosporine (STS) was used to induce apoptosis in HeLa cells. Dot plot graphs generated from flow cytometric analysis (488 nm excitation) show percentage apoptotic cells in stained cells with no STS treatment (control), cells treated with STS for 1 h and cells treated with STS for 3 h. X‐axis represents fluorescence collected from channel with a 530/30 nm bandpass filter corresponding to Annexin V‐FITC. Y‐axis represents fluorescence collected from channel with a 585/40 nm bandpass filter corresponding to PI. Quadrant gates were generated using unstained HeLa cells as universal negative control. (**B**) Fluorescence microscopy of HeLa cells. Fluorescence images were obtained from unstained cells treated with STS to capture NADH fluorescence intensity. A 335--383 nm excitation filter and 420--470 nm emission filter were used. Bright‐field and fluorescence channels are overlaid. The scale bar for micrographs is 20 μm. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g001){#cytoa23606-fig-0001}

TCSPC Measurements {#cytoa23606-sec-0012}
------------------

The TCSPC results include evaluation of treated cells as well as fluorescence microspheres. The Glacial blue microspheres measured for system calibration were found to have an average fluorescence lifetime of approximately 1 ns (data not shown). The TCSPC data for treated and untreated cells measured in bulk are plotted in Figure [2](#cytoa23606-fig-0002){ref-type="fig"}. A representative timed photon emission count (i.e., exponential decay curve) shown in Figure [2](#cytoa23606-fig-0002){ref-type="fig"} is collected to confirm the direction that the fluorescence lifetime shifts with a time‐domain instrument. Using a qualitative assessment (i.e., graphical trend), the STS treated cell suspension, when measured for the bulk fluorescence decay kinetics, exhibited a longer decay than the nontreated cells. As described later, the fluorescence lifetime measured with FLFC shifted to longer decay times after 15 min and longer STS treatments. Therefore, the TCSPC measurements trend similarly.

![Fluorescence decay curves from cuvette measurements of HeLa cells. Untreated cell sample (control, black squares) along with cells treated with STS measured after 15 min (red dots) and 30 min (blue triangles) show a shift in the decay kinetics. A 393‐nm peak wavelength laser diode was used for excitation and emission was captured using a 448/20 nm bandpass filter. The time calibration for this instrument was equivalent to 2.64078e‐2 ns/channel. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g002){#cytoa23606-fig-0002}

![Schematic of fluorescence lifetime flow cytometer (FLFC) built for improved sensitivity to capture dim autofluorescence signals. A 375 nm excitation laser is modulated at RF frequency to excite the cells passing through the flow cell. Light after passing through different focusing lenses and dichroic mirrors is collected as side scattered light, captured at 90° angle using 376/6 nm band pass filter and fluorescence is captured using 448/20 nm band pass filter. Both signals are amplified and directed to a data acquisition system which digitizes the signal at 50 MSPS. Digitized signals are saved as comma separated files to be processed in MATLAB®. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g003){#cytoa23606-fig-0003}

FLFC Measurements and Phasor Analyses {#cytoa23606-sec-0013}
-------------------------------------

The FLFC results are provided in Figures [4](#cytoa23606-fig-0004){ref-type="fig"} and [5](#cytoa23606-fig-0005){ref-type="fig"}. Figure [4](#cytoa23606-fig-0004){ref-type="fig"} includes representative data of the fluorescence microsphere population measured with the FLFC system. Included is a fluorescence peak histogram (Fig. [4](#cytoa23606-fig-0004){ref-type="fig"}A) and a bivariate plot of the side scatter versus fluorescence values for \~2000 microspheres measured. Figure [4](#cytoa23606-fig-0004){ref-type="fig"}A also includes statistics of the microsphere population; the mean fluorescence detected with our FLFC instrument was 2998 (a.u.) and the coefficient of variation was 13%. Figure [4](#cytoa23606-fig-0004){ref-type="fig"}B is a histogram of the average fluorescence lifetime distribution of the fluorescence microspheres used for calibration. The mean fluorescence lifetime is 0.98 ns and the standard deviation is 0.3 ns.

![Fluorescence intensity and fluorescence lifetime histograms for glacial blue fluorescent microspheres. (**A**) 1‐D fluorescence histogram and dot plot (scatter vs. fluorescence). The side scatter and fluorescence are the amplitude of the modulated signals after Fourier transformation. The glacial blue amplitude measured with the FLFC resulted in a CV of 13% indicating optimal alignment and performance of the flow cytometer. (**B**) Fluorescence lifetime histogram for 2,000 events of glacial blue microspheres. The mean fluorescence lifetime is 0.98 ns with standard deviation of 0.3 ns.](CYTO-95-70-g004){#cytoa23606-fig-0004}

![Flow cytometric fluorescence lifetime measurements of HeLa cells before and after induction of apoptosis. Mean fluorescence lifetimes of cell samples (n \~3000) are plotted for three independent experimental repeats (purple, blue, and orange circles). Fluorescence lifetimes were calculated using the phase difference between a correlated side scatter and fluorescence modulated waveform signal for each cell. Data points shown are untreated HeLa cells (control), HeLa cells treated with 1 μM STS for 15 min, 30 min, 60 min, and 180 min. Mean of the three mean fluorescence lifetime values are plotted as a square with error bars showing standard error of means. Tukey post hoc test showed a significant difference in the fluorescence lifetime between control and cells treated with STS for 15 min, with *P*‐value \<10e‐5. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g005){#cytoa23606-fig-0005}

Figure [5](#cytoa23606-fig-0005){ref-type="fig"} provides data with results of the NAD(P)H autofluorescence lifetime measurements made before and after STS treatment. In Figure [5](#cytoa23606-fig-0005){ref-type="fig"}, are final data showing the mean and standard deviation of the resulting fluorescence lifetimes for each treatment. FLFC measurements were made for cell populations (*n* = 3000) where an average fluorescence lifetime was calculated per‐cell. Then an average fluorescence lifetime for each population was computed. Finally, the mean and standard deviation values provided in Figure [5](#cytoa23606-fig-0005){ref-type="fig"} were calculated based on the three independent experimental repeats for this study. The results include averages of the untreated cell populations (i.e., zero‐time point) as well as cells measured after 15 min, 30 min, 60 min, and 180 min of STS treatment. The average fluorescence lifetime (detected for NAD(P)H emission) when HeLa cells were not treated is \~1 ns. The fluorescence lifetime then shifted to 2.8 ns at 15 min after STS treatment. At longer time points, the fluorescence lifetime gradually increased to a maximum of 3.3 ns at 3 h after treatment. Although the data are not shown, an increase in the autofluorescence intensity was also observed with the FLFC system as apoptosis proceeded. The autofluorescence intensity changes in cytometry are similar to that detected by microscopy (see Fig. [1](#cytoa23606-fig-0001){ref-type="fig"}B).

Figure [6](#cytoa23606-fig-0006){ref-type="fig"}A is a representative phasor plot of all cell populations where the individual phase and modulation are plotted per‐cell (viewed as smoothed distributions, i.e., density plot). In Figure [6](#cytoa23606-fig-0006){ref-type="fig"}A are data representative of the overall cell‐to‐cell distributions within the universal semicircle. A magnified region is inset for optimal visualization of these data. In flow cytometry, a phasor graph includes population statistics per‐cell as opposed to per‐pixel as in FLIM. From this graph the population of cells that are not undergoing apoptosis are distinct and have the lowest excited state decay time, separate from the cells undergoing treatment. When cells are treated, the population shifts, as indicated on the phasor plot with the populations higher in phase and modulation. Figure [6](#cytoa23606-fig-0006){ref-type="fig"}A also includes a centroid (dark dot), a visual guide of the location of the median of the cell population. It is obvious with the phasor plot that the longer the cells are exposed to an apoptosis‐inducing agent, the fluorescence lifetime shifts to a longer time. The data were found to be highly consistent when observing the NAD(P)H emission with our FLFC system. Figure [6](#cytoa23606-fig-0006){ref-type="fig"}B was also annotated to make a prediction about the contribution of free versus bound NAD(P)H on a per‐cell basis for a large cell population. Figure [6](#cytoa23606-fig-0006){ref-type="fig"}B shows how relative contributions of three different fluorescence species in a mixture can be visualized and calculated.

![FLFC‐derived phasor plots. (**A**) Phasor graphs showing populations of untreated cells and cells treated with STS to trigger apoptosis. A MATLAB routine permitted extraction of the phase angle and demodulation depth from each set of correlated cytometric waveforms at 6.25 MHz. Plots were generated in R ([r‐project.org](http://r-project.org)) and represent individual cells by density regions where the regions of more cells are represented by warmer colors (red). Inset shows magnified view of overlaid cell populations with the median phasor points (black dots) for each sample. (**B**) Phasor plot with highlighted (colored) areas used to evaluate the fractional contributions. Short lifetime (S) of 0.3 ns represents the free NAD(P)H lifetime. Long lifetime (L) of 7 ns represents the bound NAD(P)H lifetime. Maximum lifetime component is chosen as the third vertex of the triangle which encompasses the cell populations collected herein. Fractional contribution of free and bound NAD(P)H can be estimated using vector algebra in phasor space as well as visualized by the total area of the triangle opposite of the vertex that specifies a short, long, or maximum lifetime (e.g., the size of the cyan colored region---opposite triangle to short lifetime vertex---is proportional to the total contribution of a short lifetime component). \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g006){#cytoa23606-fig-0006}

The proportion of fractional contributions obtained for short lifetimes (0.3 ns) and long lifetimes (7 ns) were calculated as S/L ratios and are plotted in Figure [7](#cytoa23606-fig-0007){ref-type="fig"}. This ratio is calculated for three independent repeats for control (i.e., untreated cell sample), and cells measured after treating with STS after 15 min, 30 min, 60 min, and 180 min. The higher S/L ratio corresponds to larger free‐to‐bound NAD(P)H which is observed for the control (untreated) HeLa cell samples. Conversely, the low S/L ratio represents an increase in the bound fraction of NAD(P)H. This trend is again consistent with fluorescence lifetime results showing an increase in the average fluorescence lifetime due to an increase in bound NAD(P)H.

![Ratio of fractional contribution of short and long lifetime components (S/L ratio) for the control cell and each time point post‐apoptosis induction. S/L ratios of each sample calculated using phasor analysis, are plotted for three independent experimental repeats (colored circles). Error bars represents standard error of the mean. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](CYTO-95-70-g007){#cytoa23606-fig-0007}

Discussion {#cytoa23606-sec-0014}
==========

A FLFC system was optimized [58](#cytoa23606-bib-0058){ref-type="ref"}, [59](#cytoa23606-bib-0059){ref-type="ref"}, [60](#cytoa23606-bib-0060){ref-type="ref"}, [66](#cytoa23606-bib-0066){ref-type="ref"} and used to demonstrate how screening of individual cells for the autofluorescence lifetime shifts of NAD(P)H is a possible method of counting, and eventually sorting, cells based on metabolic shifts that occur during cell death. Our overall results include an increase in both the autofluorescence intensity and lifetime when apoptosis is induced by using STS. STS is a microbial alkaloid and nonselective inhibitor of protein kinase C (PKC) and cyclin‐dependent kinases (CDKs) [67](#cytoa23606-bib-0067){ref-type="ref"}. Based on numerous studies, STS is known to induce mitochondrial apoptosis, causing mitochondrial membrane potential disruption, cytochrome *c* release, Caspase 3 activation, and production of reactive oxygen species [68](#cytoa23606-bib-0068){ref-type="ref"}, [69](#cytoa23606-bib-0069){ref-type="ref"}, [70](#cytoa23606-bib-0070){ref-type="ref"}. In this study we use 1 μM of STS for treatment based on prior work showing Caspase 3 activation at 2 h after application of this dose [31](#cytoa23606-bib-0031){ref-type="ref"}. We did not evaluate for the specific NAD(P)H binding partner activity during apoptosis, which will be the focus of future work.

Our ability to screen for the fluorescence lifetime shifts with flow cytometry is important for a wide variety of metabolic studies and applications. Our FLFC system can detect autofluorescence lifetime increases at shifts resolvable based on the range of lifetimes reported for NAD(P)H. The 3‐ns value we measured confirms results of other studies in which the induction of apoptosis causes an increase in the fluorescence lifetime of NAD(P)H during STS treatment [62](#cytoa23606-bib-0062){ref-type="ref"}. The FLIM studies of these changes determined the subcellular location of NAD(P)H during apoptosis [23](#cytoa23606-bib-0023){ref-type="ref"} and confirmed the presence of mitochondrial respiration in cultured cells. Similar trends have been observed in different cell types, in tissues, under various growth conditions, and with a range of apoptosis inducing agents [31](#cytoa23606-bib-0031){ref-type="ref"}, [33](#cytoa23606-bib-0033){ref-type="ref"}, [62](#cytoa23606-bib-0062){ref-type="ref"}, [71](#cytoa23606-bib-0071){ref-type="ref"}. In apoptosis, oxidative phosphorylation is enhanced and thus mitochondrial reactive oxygen species levels increase, which activates inflammatory responses leading to mitochondria dysfunction. In prior FLIM studies relating apoptosis to NAD(P)H fluorescence lifetimes, [23](#cytoa23606-bib-0023){ref-type="ref"}, [31](#cytoa23606-bib-0031){ref-type="ref"}, [62](#cytoa23606-bib-0062){ref-type="ref"}, [72](#cytoa23606-bib-0072){ref-type="ref"}, [73](#cytoa23606-bib-0073){ref-type="ref"} the changes were found to occur before mitochondrial membrane potential depletion, ATP depletion, and Caspase3 activation [62](#cytoa23606-bib-0062){ref-type="ref"}. The increases we detect were also at short time points, which we selected to compare cells before and shortly after apoptosis induction.

Phasor plots in this study enable visualization of cell populations with changing fluorescence decay kinetics. Often, endogenous fluorophores exhibit two or more exponential decay profiles owing to the distribution of bound and free NAD(P)H inside the cell. Therefore the possibility of evaluating the fractional contributions of bound and unbound NAD(P)H (i.e., S/L ratio) [74](#cytoa23606-bib-0074){ref-type="ref"}, [75](#cytoa23606-bib-0075){ref-type="ref"} is possible using the phasor analysis. Phasor graphical analyses that are derived from FLIM data utilize the reciprocal property of phasors; "gated" pixels yield a lifetime image map of a handful of cells providing an evaluation of the multiple decay kinetics. These are valuable graphical evaluations in that they provide simple ways to quantify redox ratios [54](#cytoa23606-bib-0054){ref-type="ref"}, evaluate glycolytic rates, and find absolute concentrations of NAD(P)H [76](#cytoa23606-bib-0076){ref-type="ref"}.

When the free‐to‐bound ratio (F/B) of NAD(P)H is measured, it is an important metabolic metric because it can be easily compared across samples as well as across treatments causing metabolic perturbations. Using a phasor graph to establish short‐to‐long fluorescence lifetimes of NAD(P)H we predict the actual F/B ratio at a single cell level. With a simple analysis we make this interpretation using the calculated fractional contributions (α~1~, α~2~) as well as visually, based on area of the triangles formed by the vertices and sample point (i.e., point of linear superposition falling inside the triangle). In FLIM, F/B ratios have been correlated to coefficients of the exponential decay fit (i.e., fractional contributions), which are parameters obtained after a bi‐exponential fit [50](#cytoa23606-bib-0050){ref-type="ref"}. FLIM‐phasor permit the estimation of F/B ratios by "windowing" the pixels which are closer to single exponential lifetime points corresponding to the bound and free states of NAD(P)H [45](#cytoa23606-bib-0045){ref-type="ref"}, [47](#cytoa23606-bib-0047){ref-type="ref"}. The S/L ratios that we evaluated using linear unmixing of the FLFC phasor data (Fig. [7](#cytoa23606-fig-0007){ref-type="fig"}) are comparable to the fractional coefficients reported previously in a cell death 2‐p FLIM study [51](#cytoa23606-bib-0051){ref-type="ref"}, [62](#cytoa23606-bib-0062){ref-type="ref"}.

Our calculations of the bound fraction (long lifetime) of NADH using only one lifetime (i.e., reported highest bound state lifetime: 7 ns) is limited because the bound state of NAD(P)H depends on the binding to different substrates. Additionally, we use a maximum lifetime value (i.e., origin of the phasor, see Fig. [6](#cytoa23606-fig-0006){ref-type="fig"}B) for the S/L analysis for simplicity as this is the extreme upper limit of all lifetimes possible. One would expect that measurements of NAD(P)H when bound to specific and distinct substrates, multiple distinct lifetimes results, thus more can be revealed about unique F/B ratios for a given NAD(P)H‐to‐substrate interaction [50](#cytoa23606-bib-0050){ref-type="ref"}, [77](#cytoa23606-bib-0077){ref-type="ref"}. Nonetheless, our use of a singular NAD(P)H‐bound value as well as the chosen maximum lifetime, results in an agreement between our reported S/L ratios and those reported in the literature. These data therefore represent the effect of apoptosis on free‐to‐bound ratios for large censuses of cells using the law of linear combinations within the phasor space [45](#cytoa23606-bib-0045){ref-type="ref"}.

Conclusion {#cytoa23606-sec-0015}
==========

As NAD(P)H emits brightly and has unique decay kinetic properties, it is quite valuable for quantitative cell science experiments. In this study, we use FLFC to collect fluorescence lifetime measurements of NAD(P)H and evaluate autofluorescence lifetimes under different cell conditions in a high throughput manner. We show how simple cytometry measurements and analyses with phasor plots provide an adequate spatial dimension for visualizing and mapping cell populations that are biochemically perturbed. The two‐fold significance of this study is that 1) it establishes a method for reliable quantitation of intracellular metabolite behavior and 2) accurately demonstrates the ability of the established method to evaluate apoptosis at early stages in a label‐free manner.
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Figure S1: Fluorescence images of HeLa cells before and post Staurosporine (STS) treatment. Left panels show images captured on Axio Observer Z1/7 scope with Plan‐Apochromat 20×/0.8 M27 objective (ZEISS, Oberkochen, Germany), using a 335--383 nm excitation filter and 420--470 nm emission filter. Left panel images were used as input for CellProfiler ([www.cellprofiler.org](http://www.cellprofiler.org)) image analysis pipeline for automatic ROI segmentation. Right panels show segmented cell boundaries as output from CellProfiler analysis workflow.

Table S1: Summary of mean pixel intensity data after quantification from images in Figure S1.

###### 

Click here for additional data file.

###### 

Supporting information MIFlowCyt checklist

###### 

Click here for additional data file.

This work was supported in part by the Cowboys for Cancer Research Foundation and the by NSF CAREER award DBI‐1150202 to JPH.

[^1]: These authors contributed equally to this work.
